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Chromatin modification mapping in nanochannels
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We report the simultaneous mapping of multiple histone tail modifications on
chromatin that has been confined to nanofluidic channels. In these channels,
chromatin is elongated, and histone modification can be detected using fluorescently
tagged monoclonal antibodies. Using reconstituted chromatin with three distinct
histone sources and two histone tail modification probes (H3K4me3 and H3K9ac),
we were able to distinguish chromatin from the different sources. Determined ratios
of the two modifications were consistent with the bulk composition of histone
mixtures. We determined that the major difficulty in transitioning the mapping
method to site-specific profiling within single genomic molecules is the interference
of naturally aggregating, off-the shelf antibodies with the internal structure of
chromatin. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4833257]

INTRODUCTION

As the availability of personal genomes is becoming widespread and genetic information is
generally accessible, the question of how the raw information is utilized within each cell
becomes central. Epigenetic factors are an important contributor to this process. The epigenetic
individuality of cells within a heterogeneous tissue is particularly little understood, as it requires
single-cell analysis.

In the nuclei of eukaryotic cells, genomic DNA is packaged as chromatin. The fundamental
repeating unit of chromatin is the nucleosome, which is the complex formed when double-
stranded DNA wraps around a histone octamer made of a central H3/H4 tetramer, sandwiched
between two H2A/H2B dimers, around which 147 base pairs of DNA are wrapped.' Each of
these 4 types of core histone (H2A, H2B, H3, H4) has a flexible amino acid tail of 25-40
residues, known as a histone tail.> Through the interaction of these histone tails and auxiliary
proteins, a large variety of higher-order structures can be formed, which influence the transcrip-
tional activity of chromatin.® In its simplest form, the DNA—protein complex resembles a
"beads on a string" fiber, where nucleosomes are located every 50bp on a fiber that is approxi-
mately 10nm in width.*> Common histone tail covalent modifications, such as acetylation,
mono-,di-, and tri-methylation, phosphorylation, and ubiquitination function to modulate the
higher-order structure of chromatin. The correlation of modification profiles to transcriptional
activity is an active field of research. The large number of combinations of histone modifica-
tions has led to a definition of the ‘histone code’ that extends the information content of the ge-
nome past the genetic (DNA) code.® Some modifications can be inherited between cell genera-
tions, and are thus epigenetic marks. Because of the profound influence of histone
modifications on cellular processes, we believe that single-cell analysis of the chromatin marks
may give important insights for human health.

The dominant technique used in the analysis of histone modifications on chromatin is chro-
matin immunoprecipitation (ChIP),” which can identify the DNA fragments that are bound to
nucleosomes with a specific modification by sequencing or sequence-sensitive polymerase chain
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reaction (PCR). Within a cell population with epigenetic variability it would, in general, not be
possible to retrieve information about correlations of the variability at distant genetic loci
because data from multiple cells would become mixed.

Soloway and co-workers have overcome this problem with a nanofluidic platform in which
specific nucleosomes from a single cell can be enriched, with the potential of resequencing the
DNA from these selected nucleosomes.®® However, for common modifications a large volume
of data may be accumulated and needs to be analyzed if single cells are the target of a study.

An alternative pathway has been pursued in which DNA is not fragmented, and the genetic
location of modification is inferred from a mapping of the spatial to genetic coordinates. In par-
ticular, Fluorescence in situ Hybridization (and its high-resolution variant fiber-FisH'*'") can
be extended to immunostaining for histone modification marks and chromatin-associated
proteins to obtain large scale maps.'*'? The resolution of such techniques is in general limited
by the ability to stretch molecules gently and homogeneously. Any inhomogeneities in the
molecule that are present at the time of tethering the molecule to the mapping surface are fixed,
and cannot be removed through continued measurement.

Here, we utilize nanofluidic stretching to perform a measurement that is conceptually
similar to fiber-FisH, but without the step of immobilizing DNA on a surface. Nanofluidic con-
finement stretches DNA in a equilibrium process through introduction into a nanochannel that
has an approximately square cross-section about 100nm wide and a length of hundreds of
microns.'* Because the stretching is achieved for a free molecule in equilibrium without any
hydrodynamic or mechanical stresses, the molecule can fluctuate around its equilibrium point
and assume a large variety of conformations, which can be meaningfully averaged.'>™” We
have previously shown that chromatin can be stretched in a very similar fashion to DNA,'® and
that fluorescent beacons can be used to map epigenetic marks on nanochannel-stretched DNA,'”
in particular 5-methyl cytosine modifications.”” Reference 20 established that artificially
imprinted methylation patterns could be faithfully recovered using labeled methyl-binding
domain (MBD) protein fragments. Matsuoka and coworkers showed that histone-specific anti-
bodies could be used to visualize chromatin in conceptually similar devices made from flexible
polydimethylsiloxane (PDMS).?!

In this publication, we show the simultaneous use of multiple antibodies to interrogate and
identify heterogeneous reconstituted chromatin from multiple sources. Specifically, we seek to
distinguish between the histone modifications in chromatin reconstituted from calf thymus, HeLa
core, and chicken erythrocyte histones, via fluorescently labeled anti-trimethyl-H3K4 and anti-
acetyl-H3K9 monoclonal antibodies (Fig. 1). The ability to distinctly identify each individual
histone groups opens the door for building of epigenetic marker maps on a single molecule
level. We could test such mapping of profiles within single molecules because of the lacking
ability to reconstitute chromatin with deterministic spatial modification profiles.

METHODS AND MATERIALS

We used bacteriophage T4 GT7 DNA (~166kbp) at 330 ug/ml stock concentration (Nippon
Gene). Chromatin was reconstituted from calf thymus (Sigma H9250), HeLa core (Activ Motif
53501), and chicken erythrocyte (Genway Biotech, Inc 11-511-248355) histones. 6 ul of T4
GT7 DNA was dispersed in a buffer containing 20 ul of 10x NEBuffer2 (New England
Biolabs), 44.5 ul of 0.1 M Na EDTA, 236.8 ul of 4M NaCl, 10 ul of 20 mg/ml bovine serum al-
bumin (BSA) in 152 ul of ultrapure water to give a final NaCl concentration of 2M. For the
reconstitution of calf thymus, HeLa core, and chicken erythrocyte chromatin, the histones of
calf thymus, HeLa core, and chicken erythrocytes, were added at 2 ug, 6 ug, and 10 ug, respec-
tively. The different histone concentrations were necessary to obtain mechanically similar chro-
matin as determined by nanochannel stretching and molecular combing assays that we per-
formed in exploratory stages of this work.

The salt concentration was decreased by adding HEPES buffer (50 mM HEPES, 1 mM Na
EDTA, 5mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), pH 7.5) in
the following order: 156 ul, 327.6 ul, 234 pl, 171.6 ul, 234 ul, 327.6 ul, 483.6 ul, 1450.8 ul, and
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FIG. 1. Schematic of experiment. Chromatin is reconstituted with histone mixtures from different sources, and will in gen-
eral display a heterogeneous modification profile. It is double-labeled using antibodies for two distinct histone tail modifica-
tions that are not mutually exclusive, and introduced into a device that elongates the chromatin molecule. The pattern of
binding yields a modification profile.

967.2 ul. At each dilution step, we equilibrated at 30 °C for 15 min. At the end of the series of
HEPES dilutions, the NaCl concentration was ~200mM. The NaCl concentration was finally
reduced to 100mM by addition of 4826 ul of Nonidet P-40 based buffer (10mM Tris HCI,
ImM Na EDTA, 0.1% v/v Nonidet P-40, 5% v/v glycerol, 0.1 mg/ml BSA, 5mM DTT,
0.5mM PMSF, pH 7.5). The chromatin is concentrated to roughly 3 ug/ml by placement into a
dialysis tube (50kDa cutoff) in contact with a G-Biosciences protein concentrator powder. The
resulting chromatin is stored at 4 °C in the dark until further use.

Monoclonal antibodies specific to trimethylated H3K4 (Abcam abl012) and acetylated
H3K9 (Abcam ab12179) were fluorescently labeled with Alexa 488 carboxylic acid, 2,3,5,6 tet-
rafluorophenyl ester (Invitrogen A30005) and Alexa 568 carboxylic acid, succinimidyl ester
(Invitrogen A20003) dyes, respectively, according to recommendations by the manufacturer.
Anti-H3K4me3 antibodies were labeled with Alexa 488 (green), while the anti-H3K9ac anti-
bodies are labeled with Alexa 568 (red).

About 1 ug of chromatin was incubated with 4 ug of dye labeled antibody, with 10 mg/ml
of BSA and 0.5mM of PMSF, at 4°C overnight in the dark. Excess antibodies were removed
by dialysis into 1x TBE (pH 8.4, with 3mM beta-mercaptoethanol, 0.1% v/v Tween20), fol-
lowed by concentration to 3 ug/ml. Prior to imaging, the chromatin concentration was lowered
to 1 ug/ml in a 1.5x Tris Borate EDTA (TBE) buffer at pH 8.4 that contained 10% polyvinyl-
pyrrolidone (PVP), 5SmM DTT, 0.5mM PMSF, and 0.02% Tween 20. Fluorescent staining of
DNA with YOYO-1 and YOYO-3 (both Invitrogen) was performed at a molar ratio of 1:10
(dye:basepairs) for chromatin only and 1:50 for chromatin decorated with one set of antibodies.
Chromatin with two sets of antibodies was not stained using a DNA-specific dye.

Integrated nano/microfluidic channels were fabricated in fused silica using methods
described elsewhere.”> The device layout is illustrated in that publication, following a design
principle demonstrated by Reisner er al.,”® in which DNA is localized in the field of view
through the combination of nanogrooves and a thin shunt layer that allows liquid to escape but
traps DNA within the grooves. Note that the actual device is an array of such channels. The
effective channel cross-section was 200 nm x 200 nm, and the shunt channel was 50 nm deep.
Channel dimensions were confirmed using SEM after the device had been used in
experiments.

Molecules were observed using an inverted fluorescence microscope with 1.35N.A. oil
immersion objective (Nikon) coupled to an emCCD camera (Andor). Green and red images
were separated by an image splitter (collection at 620/60 and 520/40). Green and red images
were obtained under illumination from 473nm and 561 nm DPSS lasers, respectively. There
was no detectable emission in the green channel by Alexa568/ YOYO-3 and red channel by
Alexa488/YOYO-1 under 473 nm and 561nm illumination, respectively.

In experiments using only Alexa568 and Alexa488 labels, the ratio of the number densities
of both dyes can be determined if both red and green fluorescence are collected under illumina-
tion at 473 nm. For this one needs to consider for each dye: (i) the molar extinction coefficient
at 473 nm, calculated from the molar extinction at the absorbance maximum and the absorption
spectrum of the dye, (ii) the fraction of fluorescence collected by the optical system in the red
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and green channel from the transmission spectra of filters and normalized emission spectrum of
each dye, (iii) the quantum yield of each dye.

DNA was driven through both micro- and nano-fluidic channels using a pressure differen-
tial of about 30 psi. Once molecules had been localized in the nanochannel, the pressure was
removed to recover an equilibrium configuration that is independent of liquid flow. After obser-
vation and recording, the channels were flushed using one-sided pressure application.

RESULTS AND DISCUSSION

We first verified the chromatin reconstitution process using T4 GT7 DNA and the histone
mixture from calf thymus. After reconstituting, chromatin was stained using YOYO-1 and intro-
duced into nanochannels, where an elongation of single molecules was observed (Fig. 2(a)).
Molecules were stretched to a length of approximately 4 um or 41kbp/um. Using a deGennes
model?>* with 200 x 200 nm? channel cross-section, the known extension of dsDNA in channels
of that diameter,15 and the estimated chromatin parameters which we described in Ref. 18,
we find a predicted extension for our experiments of 42 kbp/um, which is a remarkably good
agreement. The stretching is about half that reported in high-resolution fiber-chromatin
experiments. '

We chose such wide channels and moderate stretching because of the tendency of antibod-
ies to form aggregates and prevent DNA entry into nanochannels. Antibody quality is discussed
later. Narrower channels can be used to stretch chromatin, but increasing care has to be taken
not to strip nucleosomes off by the increased driving pressure. Note that chromatin reconstituted
with histones from different sources in general showed moderately different extensions in nano-
channels (~15%), which is an indication of the different quality of histone sources.

In Fig. 2(b) we present calf thymus-derived chromatin that was labeled with Alexa488
anti-H3K4-me3 monoclonal antibody (green) and co-stained with YOYO-3 dye (red). A contin-
uous staining of DNA using the YOYO-3 dye along the entire length of the chromatin was
observed. The antibody signal was also homogeneous, except at the ends where antibodies and
histones appeared to be stripped off the molecule in some cases. Extremely compact molecules
were observed in isolation.

For epigenetic profiling, there is the need to determine correlations between patterns of dif-
ferent types of modification by multiplexing labels of different color. Thus we decided to utilize
our proven antibody (H3K4-me3), and add a different fluorescent label. Fig. 2(c) shows
anti-H3K4-me3 labeled with Alexa568 (red) bound to calf thymus-derived chromatin that was
co-stained with YOYO-1 (green). The binding pattern was more uneven, likely due to the
switch of chromophore. It is generally accepted that Alexa568 has a higher tendency towards
aggregation than Alexa488. We believe that the discontinuous histone labeling is due to chro-
matin disruption at the time of nanochannel insertion if the interaction between aggregated,
genetically distant nucleosomes becomes stronger than the binding between DNA and histone
octamer. Consequently, histones may be mechanically stripped due to tension during nanochan-
nel insertion. The aggregation of antibodies appears to be the major impediment towards a
quantitative use of the proposed method in an intra-molecular profiling application. While the
development of low-aggregating antibodies is in general possible, we do not currently have the
resources to do so. Dense binding of antibodies will in general modify the effective polymer
parameters in the de Gennes model, and thus a change in stretch is anticipated. We conclude
that mapping would be best either for sparse of dense antibody binding, with intermediate bind-
ing leading to the highest heterogeneity in stretch.

The final step in developing a system capable of differentiating between different sets of
histone modification marks on chromatin was choosing a second set of monoclonal antibodies,
that to the epigenetically active H3K9 acetylation mark, which we tagged with Alexa 568. The
H3K4me3 and H3K9ac marks are both associated with transcriptionally active chromatin,
but are not directly correlated or anticorrelated.”” In Fig. 2(d) we show calf thymus-derived
chromatin labeled with this antibody, and co-stained using YOYO-1 dye. Point-wise binding of
antibodies was observed.
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FIG. 2. Fluorescence images of chromatin reconstituted from calf-thymus histones. (a) Visualized using only YOYO-1.
Chromatin in (b) is stained with Alexa488 anti H3K4-me3 (green) and YOYO-3 (red), in (c) it was stained using Alexa 568
anti H3K4-me3 (red) and YOYO-1 (green), and in (d) it was stained using Alex 568 anti H3K9-ac (red) and YOYO-1
(green). In panels (b)—(d) we present the combined image (center), and show the color channels above (green) and below
(red) for clarity. In all panels the scale bar is 5 ym.

We tested the ability of our assay to discriminate chromatin from different origins by com-
paring chromatin reconstituted with histone mixtures from calf thymus, chicken erythrocyte,
and HeLa cells in a dual-labeling experiment with both Alexa488-labeled anti-H3K4me3 and
Alexa568-labeled anti-H3K9ac. In Fig. 3(a), we show calf thymus-derived chromatin: both anti-
bodies were bound and could be observed, with some clustering of red and green fluorescence.
In Fig. 3(b), we demonstrate for chromatin reconstituted with HeLa histones, the abundance of
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FIG. 3. Fluorescence images of double-stained chromatin with Alexa488-anti H3K4me3 (green channel and top panel) and
Alex568-anti H3K9ac (red channel and bottom panel). Chromatin was reconstituted with histone extracted from (a) calf
thymus, (b) HeLa cells, and (c) chicken erythrocytes. The scale bar is 5 um.

anti-H3K9ac is greater than that of anti-H3K4me3. In Fig. 3(c) we show that chromatin recon-
stituted with histones from chicken erythrocytes carries both H3K4me3 and H3K9ac markers,
with a strong enrichment in H3K4me3.

In order to quantify the binding profiles, we mapped the ratios of occupancy for both
markers on each chromatin species in a 2-dimensional histogram of instantaneous pixel bright-
ness in the red and green spectral channel (Fig. 4). In order to avoid problems of relative inten-
sity variations of the two lasers, all data are derived solely under 473 nm illumination. The
drawback is that some Alexa488 emission will bleed through into the red spectral channels,
which detects all Alex568. In all panels of Fig. 4, we find a circular feature at low intensity
that is indicative of mostly empty nanochannels and camera electronics with Gaussian noise.
From this circular feature, approximately linear “jets” emerge. All panels appear to contain a
predominantly green jet, which is mainly horizontal. We attribute this jet to nearly pure
Alexa488 emission since Alexa488 is visible in both the green and red collection channel. In
the chicken erythrocyte-derived chromatin histogram (Fig. 4(c)), only the green jet is visible,
while for calf thymus-derived chromatin (Fig. 4(a)) and HeLa cell-derived chromatin (Fig. 4(b))
both the green jet and a second more red jet are apparent. Visual inspection of the raw data
reveals that in both the calf and HeLa chromatin sets some free Alexa488-labelled H3K4me3 anti-
bodies flow through the nanochannels, which accounts for the green component. Red fluorescence,
attributed to both Alex568 and Alexa488, was overwhelmingly located within channel stretches
associated with chromatin. We thus believe that the jets with higher red content are the true
chromatin-associated signal. The green signal due to free antibodies could be suppressed using
autocorrelation techniques,'®!” but we decided to keep the raw data for this publication.

The existence of defined jet directions in Fig. 4 is indication that each chromatin source
has a well-defined ratio of the two modifications. Indeed, that would be the expectation for
randomly assembled chromatin from diverse sources. The fact that we observe jets instead of
isolated patches in Fig. 4 must be attributed to the tendency of aggregation, and the fact that
aggregate sizes have a disappointingly wide range. By measuring the asymptotic angle of jets
and using the known spectra for the fluorophores, we can find different characteristic ratios of
red to green emission for the different histone source.
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FIG. 4. Histograms of pixel brightness within channel. Chromatin was reconstituted from (a) calf thymus histones,
(b) HeLa cells, and (c) chicken erythrocytes. The density scale is logarithmic, and the white lines indicate the slope from
which the ratio of H3K4me3 to H3K9ac was derived.
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We conclude that chicken blood chromatin has the highest ratio of H3K4me3 to H3K9ac
(0.19), followed by calf chromatin (0.11), and lowest ratio for HeLa Chromatin (0.09). The
error of these values is given by the uncertainty of measurement of the angle of the asymptotic
line (£5°), which leads to an error of all three values is about £30% of the above number.
These ratios were obtained using spectral properties provided by the manufacturer for free dye,
and not the conjugated form. Thus, all ratios could be substantially biased if spectra have
shifted, although the trend would remain intact. Furthermore, we assume similar dye conjuga-
tion efficiencies for both sets of antibodies. While we have observed that chromatin reconstitu-
tion required different quantities of core histones for different sources, we believe that the
relative abundance of histone modifications incorporated into chromatin is representative of the
histones before chromatin reconstitution. We thus tested histone mixes using a total histone
content kit (EpiQuik Global Acetyl H3-K9 Quantification Kit, P-4011-48, and Global Trimethyl
H3-K4 Quantification Kit, P-3027-48), and found a result with the same ordering of relative
histone modification ratios as in our nanochannel mapping. It thus appears that the fluorescence
mapping method in nanochannels reproduced the bulk measurement. It could hence potentially
be used to obtain spatially ordered maps if such a spatially ordered substrate could be prepared.

Throughout our experiments, we observed changes in chromatin length as the molecule
was modified through antibody binding. We observed that antibody binding itself could result
in more compact configurations than as-reconstituted chromatin. However, upon introduction
into nanochannels, nucleosomes can be stripped off the DNA. We believe that both bare anti-
bodies, as well as the fluorescent tags attached to the antibodies contribute to this modification
through aggregation and bridging of multiple nucleosomes. These aggregates stabilize loops of
DNA, which in effect shorten the DNA. If the interaction between nucleosomes and antibodies
is stronger than the interaction between nucleosomes and DNA, then nucleosomes can dissoci-
ate from DNA under the stress of nanochannel insertion, and large stretches of chromatin
convert to bare DNA. This is particularly apparent in Fig. 2(c). Commercial antibodies, at least
those used by us, in general have a strong tendency to aggregate, but lower aggregation has
been achieved for antibodies used in therapeutics, for instance. We also observe that the anti-
bodies are stickier than the chromatin, and tend to adhere to channel walls unless mitigated by
a PVP additive. Nonetheless, we are able to flush most of the residual adhered antibodies out
and reuse chips 3 to 5 times.

CONCLUSIONS

Our results on the detection of trimethylated H3K4 and acetylated H3K9 histone markers
on the three different reconstituted chromatin in our nanochannels demonstrate the success of
our technique in being able to quantify the relative histone makeup at a single molecule scale.
We analyzed large molecules (160 kbp), without the need to fragment them. There is a clear
pathway for scaling up to even larger molecules, and we envision detection of histone markers
on longer and larger stretched chromatin with our technique, with slight modifications to nano-
channel design, to ensure that the entire chromatin can be imaged in the field of view. While
we focused on histone tail marks in this publication, the general concept of detecting proteins
bound to DNA using nanochannel stretching and antibodies should hold for a wide variety of
other DNA-binding proteins.
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